Absorption cross-section spectra, refractive index dispersions, and fluorescence quantum distributions of sulforhodamine B in ethylene glycol are measured in the concentration region between 10~5 and 0.5 mol/dm 3 . The fluorescence quantum yields are separated into monomer and closely spaced pair contributions. The absorption and stimulated emission cross-section spectra of the monomers and closely spaced pairs are resolved.
Introduction
The dye sulforhodamine B (also called Kiton Red 620, Kiton Red S, and Xylene Red B [ 1 ] , structural formula is shown in fig. 1 ) is a widely used laser dye in the yellow and red spectral region (see refs. [1] [2] [3] [4] [5] and references therein). It has been applied to generate femtosecond pulses in passive mode-locked [6, 7] lasers and it served as gain medium in laser amplifiers for femtosecond rhodamine 6G dye lasers [8] [9] [10] [11] .
The related dye sulforhodamine B monosodium salt group of sulforhodamine B is replaced by -S6 3 Na. dye also called Kiton Red S [ 12] or Kiton Red 620 [4] ) is similarly applied as laser dye in single-mode lasers [13] , single-mode laser amplifiers [14] and hybridly mode-locked femtosecond lasers [15, 16] .
Photophysical and photochemical properties of sulforhodamine B are reported in ref. [17] . Triplet extinction coefficients of sulforhodamine B in ethanol are given in ref. [ 18 ] . Absorption and emission spectroscopic studies on sulforhodamine B monosodium salt have been performed in the solvents ethanol [12] and trifluoroethanol [ 19] . The photodecomposition behaviour of sulforhodamine B monosodium salt is analysed in ref. [20] .
In dye lasers applying free-flowing jet streams for the gain medium high dye concentrations are needed to achieve sufficient gain. A knowledge of the absorption and emission spectroscopic behaviour of the laser dyes at high concentrations is necessary for a detailed understanding of the laser performance.
In this paper absorption spectra, refractive index spectra, and fluorescence quantum distribution spectra are measured for a series of differently concentrated sulforhodamine B solutions in ethylene glycol (ethylene glycol is the solvent of choice when dye jets are used in the lasers). The concentration-dependent changes of the absorption spectra and fluorescence quantum distributions are analysed. Applying a closely spaced pair aggregation concept [21] [22] [23] the mole fraction of molecules in closely spaced pairs versus concentration is determined from the concentration-dependent absorption changes, and the monomer and closely spaced pair absorption crosssection spectra are separated. The fluorescence quantum yields and fluorescence quantum distributions L of the monomers and closely spaced pairs are singled out by using the concept of Forster-type energy transfer [23, 24] . The stimulated emission cross-section spectra of the monomers and closely spaced pairs are calculated from the corresponding absorption crosssection spectra and fluorescence quantum distributions [22, [25] [26] [27] [28] ],
Experiments
The laser grade dye sulforhodamine B was purchased from Lambda Physik. It was used without further purification. A thin plate chromatographic analysis (TLC plate silica gel 60 and methanol) gave no indication of any impurities.
The absorption cross-section spectra at low dye concentration up to 2x 10~2 mol/dm 3 were determined by transmission measurements using a conventional spectrophotometer (Beckman ACTA M4). The dye solutions were kept in fused silica cells of thicknesses down to 10 \im. For dye concentrations in the range between 0.1 and 0.5 mol/dm 3 the absorption cross-section spectra were determined by reflection measurements of p-polarized light (electric field strength in plane of incidence) at the generalized Brewster angle [ 29 ] .
The fluorescence spectra were measured using front-face illumination in a self-assembled spectrofluorimeter [28] . A tungsten lamp spectrally filtered with an interference filter centered at A pu =550 nm was used as excitation source. The backward emitted fluorescence light was collected, directed to a spectrometer, and registered with a diode array system. The backward fluorescence detection minimizes the fluorescence reabsorption of the highly concentrated dye solutions. The determination of the fluorescence quantum distribution E(X) (nm* 1 ) and of the fluorescence quantum yield 0 F =/ em £(A)(U from th^ measured fluorescence signal 5(A) is described in ref. [ 28 ] . Absolute values of E{X) and 0 F are determined by using the dye rhodamine 101 in ethanol as reference dye (fluorescencequantum yield <^R«0.98 [30] [31] [32] [33] ). Up to a concentration of 0.1 mol/dm 3 dichroitic polarizers in the excitation path (vertical orientation) and detection path (orientation under an angle of 54.74° to the vertical axis) were used to get fluorescence signals independent of molecular reorientation [34, 35] . For higher dye concentrations the polarizers were removed in the probe and reference measurements in order to increase the light throughput. In this case the fluorescence emission of the probe and reference sample are practically isotropic polarized since for the reference dye the molecular reorientation time r orR is short compared to the fluorescence lifetime T FTR (T OR<R^3 00 ps [36] , TF.R-5.0 ns) and for the highly concentrated sulforhodamine B solutions a fast reorientation of t^e excited molecules takes place by Forster-type energy transfer [22] .
Results
Absorption cross-section spectra of sulforhodamine B in ethylene glycol are shown in fig. 1 . The solid curve 1 was measured for a dye concentration of 10~4 mol/dm 3 . Up to 10~3 mol/dm 3 no concentration dependence of the absorption cross-section spectrum was observed. The dashed curve 4 of fig. 1 belongs to a dye concentration of 0.5 mol/dm 3 . The spectrum is broadened, the absorption peak at 564 nm is reduced, and the shoulder at 530 nm is more pronounced. The curves 2 and 3 show the absorption
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(nm) cross-sections around the S 0 -S| absorption peak for concentrations of 0.1 mol/dm 3 and 0.2 mol/dm 3 , respectively. The absorption spectra have isosbestic points (absorption cross-section independent of concentration) at 541 nm and 577 nm. The absorption cross-section <x A (cm 2 ) is related to the molar decadic extinction coefficient e A (dm 3 /mol cm) by 6 A = or^iV A /1000ln(10) where N A = 6.022045X 10 23 mol~1 is the Avogadro constant.
The mutual interaction of dye molecules at high concentrations is responsible for the concentration dependent absorption cross-section changes [28 ] . At concentrations of C=0.1 mol/dm 3 and C=0.5 mol/ dm 3 the average distance <7-(N A C)~l / * between two dye molecules is estimated to be 2.55 nm and 1.49 nm, respectively.
The concentration-dependent absorption crosssection spectra <x A (A, C) are composed of monomer
, where x M is the mole fraction of monomers and * P = 1 -x M is the fraction of molecules in closely spaced pairs. In fig. 2 the ratio ^= XM+Xp^. = l _J l _^L) ( 
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is plotted versus concentration for X=564 nm. The circles represent experimental <TA/CTAM points derived from fig. 1 , where o AM {X) is given by curve 1 in fig. 1 .
The fraction x P of molecules in closely spaced pairs at concentration C is given by [ 21 -24 ] x P = l-exp(-^AC),
where K, is the interaction volume of a closely spaced pair. In fig. 2 fig. 3 . At C=0.5 mol/dm 3 the fraction of molecules in closely spaced pairs is JC p^ 0.93.
The closely spaced pair absorption cross-section spectrum <r A , P (A) is derived from the curves 4 (<J A (A)) and 1 {o AM (X)) of fig. 1 eq. (1) (Xp=0.93) . a KM (X) and a KP {X) are displayed in fig. 4 .
Besides the absorption cross-sections, the refractive indices are determined simultaneously by the reflectance measurements at high dye concentration [29] . The refractive index dispersions n(X, C) of 0.2 and 0.5 molar solutions of sulforhodamine B in ethylene glycol are displayed by the dashed and solid curves in fig. 5 , respectively. The dash-dotted curve shows the refractive index dependence n s (X) of the solvent ethylene glycol [37 ] .
The experimental fluorescence quantum distributions E(X) for a series of dye concentrations are displayed by the solid curves in fig. 6 , and the experimental fluorescence quantum yields, 0p=j em E(X) dA, are shown by the circles in fig. 7 . Up to about 4 X 10~3 mol/dm 3 E{X) and 0 F are independent of concentration. The monomer fluorescence quantum yield at low concentrations is 0F, O «O.89. In the range between 10~2 and 0.2 mol/dm 3 the fluorescence quantum yield drops strongly with rising dye concentration. The decrease of E(X) and </ > F with rising concentration is due to the low fluorescence quantum yield of closely spaced pairs and the energy transfer of excited monomers to closely spaced pairs [22] [23] [24] . For dye concentrations above 0.3 mol/dm 3 the fluorescence quantum yield is approximately constant having a value of 0p (>0.3 mol/dm 3 )«0.0075 ±0.001. In this high concentration region the closely spaced pair fluorescence dominates.
The fluorescence quantum yield 0F(C) is composed of monomer 0M (C) and closely spaced pair 0P( C) contributions according to
Without energy transfer the quantum yields would be given by [22] 0M=*M0F,O> (4) fp=*P0F,l,
where 0 ¥o and 0 Ftl are the fluorescence quantum yields at x P -Q and x P = 1, respectively. .v M and x' P are reduced mole fractions given by 
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A pu is the wavelength of the excitation light U pu =550 nm in our experiments). Taking into account the Forster-type energy transfer from excited monomers to closely spaced pairs and the energy back transfer to monomers as well as the energy transfer from excited closely spaced pairs to monomers and the corresponding energy back transfer, the quantum yield of fluorescence emission released from monomers 0 M and the quantum yield of fluorescence emission released from closely spaced pairs dp become *rad,p are radiative Sj-state lifetimes of the monomers and closely spaced pairs, respectively.
The unknown parameters 0FJ and C 0 are determined by fitting eq. (3) with the components of eqs. (8) and (9) to the experimental fc(C) points in fig.  7 -r ndM and r^p are determined below (eq. (14)). The solid fit curve in fig. 7 gives <fe tX =0.0075 and C o =7xl0"" 3 mol/dm 3 . The corresponding monomer .0M (C) and closely spaced pair contributions 0P(C) are shown by the dashed curves in fig. 7 . The dash-dotted curves in fig. 7 represent 0 M and 0 P .
The fluorescence quantum distribution E(X, C) is composed of monomeric, E M (X, C), and closely spaced pair, E P (X, C), contributions according to The monomelic fluorescence quantum distribution is given by ^Ma,C)=%^£(A,0), (12) where £(A, 0) is the fluorescence quantum distribution allow dye concentration (curve 1 in fig. 6 ). The closely spaced pair fluorescence quantum distribution E P (X 9 C) is obtained from eqs. (11) and (12) to be EP(A,C) = E(A,C)~%^£(A,0).
0F.O For C> 0.3 mol/dm 3 the monomer fluorescence contribution 0M(O to 0 F (C) becomes negligible and E P (X, C) becomes approximately equal to £(A, C). The curve 7 in fig. 6 represents the closely spaced pair fluorescence quantum distribution at C=0.5 mol/ dm 3 . The radiative lifetimes of the monomers, T^M, and closely spaced pairs, T RADTP , are given by the StricklerBerg formula [26, 27] The stimulated emission cross-section spectra cT cm<M of the monomers and <7 cm , P of the closely spaced pairs are determined by the corresponding absorption cross-section spectra, <X A ,M and <r A P , and the fluores- ( 1 5 ) where i=M for the monomers and /=P for the closely spaced pairs. In fig. 4 the monomer stimulated emission cross-section spectra cr cm M for C-+0 and a^p for C= 0.5 mol/dm 3 are shown. The total integrated absorption cross-sections, Jabs<7x,/(^) dP, and the total integrated stimulated emission cross-sections, J" em a emJ (P) d£ are collected in table 1 (i = M, P, v= The closely spaced pair excited and released fluorescence quantum yield 0 P , P is described by 
